Amplification and eventual elimination of dispersed repeats, especially those of the retroelement origin, account for most of the profound size variability observed between plant genomes. In most higher plants investigated so far, differential accumulation of various families of elements contribute to these differences. Here we report the identification of giant Ty3/gypsy-like retrotransposons from the legume plant Vicia pannonica, which alone make up about 38% percent of this species genome. These retrotransposons have structural features of the Ogre elements previously identified in the genomes of pea and Medicago. These features include extreme size (25 kb), presence of an extra ORF upstream of gag-pol region, and a putative intron dividing the prot and rt coding sequences. The Ogre elements are evenly dispersed on V. pannonica chromosomes except for terminal regions containing satellite repeats, their individual copies show extraordinary sequence similarity, and at least part of them are transcriptionally active which suggests their recent amplification. Similar elements were also detected in several other Vicia species but in most cases in significantly lower numbers. However, there was no obvious correlation of the abundance of Ogre sequences with the genome size of these species.
INTRODUCTION
Nuclear genomes of higher plants differ considerably in their size, ranging from 0.1 pg (98 Mbp) in Fragaria viridis to 89.5 pg (87, 686 Mbp) in Fritillaria davisii (BENNETT and LEITCH 2004) . Even closely related species belonging to the same genus can display fiveto ten-fold differences in their haploid genome size, as it is for example in Phalenopsis, Scilla or Vicia (BENNETT and LEITCH 2005) . First investigations of this phenomenon using DNA reassociation kinetics (CHOOI 1971; FLAVELL et al. 1974) revealed that genome size variation is mainly caused by differences in the proportion of repetitive DNA sequences.
This was later confirmed by finding many families of repetitive sequences from a number of species. Among these, satellite repeats and retroelements have the most significant impact on genome size. Satellite repeats are organized as long arrays of tandemly repeated units (monomers). Although the monomer sequences are usually only tens to hundreds of nucleotides long (MACAS et al. 2002) , they can be amplified up to millions of copies (KATO et al. 1984; INGHAM et al. 1993; IRIFUNE et al. 1995; MACAS et al. 2000) , making up to 20% of the genome (INGHAM et al. 1993) . However, in most plant species investigated so far, the majority of repetitive DNA is composed of various families of retroelements (reviewed in KUMAR and BENNETZEN 1999; FESCHOTTE et al. 2002) . This high proportion of retroelements within plant genomes is a consequence of their replicative (copy-and-paste) mode of transposition (retrotransposition), which generates a new copy of the element each time it is retrotransposed. Although the retroelements do not attain as high copy numbers as the satellite repeats, their impact on the genome size is more pronounced due to their considerable length, ranging from a few up to 14 kb (HIROCHIKA et al. 1992; MARTINEZ-IZQUIERDO et al. 1997; NEUMANN et al. 2005) . The recent discovery of a new group of giant retrotransposons, named Ogre elements, showed that the upper length limit of retrotransposons could be even longer. These Ty3/gypsy-like elements identified in pea (Pisum sativum) and Medicago truncatula are up to 22 kb long, and they occur at about 10,000 copies in the pea genome, corresponding to at least 5% of its nuclear DNA .
The genus Vicia (Fabaceae) includes over 160 species differing considerably in their haploid nuclear DNA content (1.9-14.4 pg, corresponding to 1,862 -14,112 Mbp) (BENNETT and LEITCH 2005) . Several studies revealed that there is a number of differentially amplified repeats of the retroelement origin that significantly contribute to these differences (PEARCE et al. 1996; KUMAR et al. 1997; NOUZOVÁ et al. 2001; HILL et al. 2005) . However, these studies described only partial retroelement sequences, which do not allow precise evaluation of the contribution that specific element families give to the Vicia genomes' evolution. In this work, we show that many of these partial sequences belong to a retrotransposon family closely related to the giant Ogre elements previously identified in pea and Medicago. We describe full-length Ogre-like elements isolated from the genome of V. pannonica, and present data suggesting that significant expansion of the genome size in some Vicia species was caused by recent amplification of these elements.
MATERIALS AND METHODS
Plant material: Seeds of Vicia pannonica (cv. D t nická panonská) and other species ě ě used in this study were obtained from the seed bank of the Institute of Plant Genetics and
Crop Plant Research, Gatersleben (Germany), Agritec Šumperk (Czech Republic), and Plant Breeding Station, Boršov (Czech Republic). Total genomic DNA was extracted from leaves as described by DELLAPORTA et al. (1983) . All DNA concentration measurements were done using the PicoGreen dye (Molecular Probes) according to manufacturer's recommendations. The measurements were performed in microwell plates and PicoGreen fluorescence was evaluated using fluoroimager (Typhoon 9410, Amersham). The whole set of genomic DNAs and control fragments used for dot-blotting was measured simultaneously, using the same DNA concentration standards.
Cloning procedures and sequence analysis: Restriction fragments appearing as bands on ethidium bromide-stained agarose gels of V. pannonica DNA digested with BglII or KpnI were cut out of the gel, purified, and cloned into pBluescript II SK+ (Stratagene) digested with the corresponding enzyme. The fragments were sequenced using the dideoxy-mediated chain-termination method (SANGER et al. 1977) .
A cosmid library was prepared by partial digestion of high molecular weight genomic DNA of V. pannonica with MboI, followed by its dephosphorylation and cloning into BamHI-digested vector SuperCos1 (Stratagene). The library was screened with the cloned BglII and KpnI fragments as probes using AlkPhos Direct Hybridization and Detection Kit (Amersham). A clone selected for sequencing (VP-cosC6) was subcloned and the sequencing templates from individual subclones were prepared using GeneJumper Primer Insertion Kit (Invitrogen). Sequence assembly and basic analysis was done with Staden Package software (STADEN 1996) . As the cosmid clone contained several highly similar elements, the sequence assembly of the whole clone was verified by its restriction analysis and by PCR with primers specific for its individual parts.
Computer analysis of the resulting sequence was performed using the Dotter program (SONNHAMMER and DURBIN 1995) , program tools implemented at the Biology WorkBench website (http://workbench.sdsc.edu/), and EMBOSS (RICE et al. 2000) . Multiple sequence comparisons were done using Clustal W (THOMPSON et al. 1994) . BLAST and FASTA (PEARSON and LIPMAN 1988; ALTSCHUL et al. 1997) were employed for homology searches and the RPS-Blast (MARCHLER-BAUER et al. 2003 ) was used to search for conserved protein domains. Phylogenetic analyses was done using Clustal W and a phylogenetic tree was reconstructed using Phylojava client/server tool. Sequences of reverse transcriptase domains were mostly taken from the alignment ALIGN_000602 (VICIENT et al. 2001) . Sequences of tRNAs used for identification of pbs (primer binding site) were obtained from the Arabidopsis thaliana tRNA database (LOWE and EDDY 1997) . Splice site analysis was performed at NetGene2 server (HEBSGAARD et al. 1996) . 
Copy

RNA isolation and RT-PCR:
The tissues used for RNA isolation (leaf, root, flower)
were harvested from plants cultivated in pots under a 15 h light / 9 h dark photoperiod at 22 and 18°, respectively. Total RNA was isolated using the Total RNA Isolation Kit The following primers were used in the RT-PCR experiments: VP17 and VP18; VP25 5' ACG TTC TCT TTC ATC GAT GC 3' and MT3 5' CGG TAG TCA ACA CAC ATT CTG AC 3'. The reaction profile included 35 cycles of 30 sec at 94°, 50 sec at 55° and 1-3 min at 72°; preceded by initial denaturation (3 min at 94°) and followed by final extension step (10 min at 72°). Reaction products were resolved on agarose gel electrophoresis.
Fluorescence in situ hybridization: FISH was performed on isolated chromosomes prepared as described by GUALBERTI et al. (1996) and centrifuged onto slides using a Hettich centrifuge equipped with cytospin chambers. The Ogre probe was derived from the longest EcoRV restriction fragment of the clone VP-cosC6 containing LTR, 5'UTR, ORF1 and ORF2 regions. The probe was labeled with biotin-16-dUTP (Boehringer Mannheim) using random priming and detected using streptavidin-Alexa Fluor-568 (Molecular Probes) as described by LEITCH et al. (1994) . Treatment of slides before hybridization, composition of hybridization mix and hybridization conditions of the Ogre probe were as described by NEUMANN et al. (2001) . Following hybridization of the Ogre probe, the slides were dehydrated using the ethanol series, air-dried and used for the second round of hybridization with fluorescein-labeled oligonucleotide probe (5' AAG ATT RTC TTG TGY TAT AST ACA TAA AAK TCA CGA AGT 3') specific for satellite repeats VicTR-A (MACAS et al. 2000) , which produce labeling patterns allowing discrimination of all chromosome types within V. pannonica karyotype (NAVRÁTILOVÁ et al. 2003) . Hybridization of the VicTR-A probe (0.5 ng/µl) was performed at 37° for 16 hours in the hybridization mix consisting of 2x SSC, 100 ng/µl sheared calf thymus DNA, and 0.125% SDS, and post-hybridization washes were done in 2x SSC at 42° for 10 min. Chromosomes were counterstained with DAPI (4',6'-diamidino-2-phenylindole) and examined using a Nikon Eclipse 600 microscope equipped with appropriate filter sets. The images were captured with a CCD camera and analyzed using Lucia software (Laboratory Imaging).
RESULTS
In our preliminary experiments aimed at comparative analysis of Vicia genomes, we noticed that V. pannonica produces characteristic restriction patterns when its DNA is digested with restriction endonucleases and resolved on agarose gels. Contrary to the majority of species used for the experiments, which produced smears with a few distinct bands, these patterns consisted of a series of well distinguished bands in most enzymes tested ( Figure 1A ). This observation suggested that there is a prominent and conserved DNA repeat making up a large portion of the V. pannonica genome. In order to isolate and characterize this repeat, we cloned four of the distinct bands from the DNA digested with BglII (850 and 1250 bp) or KpnI (560 and 1000 bp). Sequence analysis of the cloned fragments revealed their similarity to different parts of the giant retroelement Ogre previously described in pea . To isolate corresponding full-length element from V. pannonica, a cosmid library was constructed and screened with the cloned fragments as probes. Thirty randomly picked clones hybridizing to all four probes were subjected to restriction analysis in order to check for the presence of fragments corresponding to the conserved genomic bands. These fragments were found in most of the clones, thirteen of which (43%) produced bands corresponding to all four fragments used as probes. One such clone (VP-cosC6) was selected for complete sequencing and further analysis.
Sequence characterization and transcriptional activity of Ogre elements in V.
pannonica: The insert cloned in VP-cosC6 (GenBank accession number AY936172) was over 42 kb in length and entirely composed of Ogre sequences belonging to three 11 different elements (Figure 2 ). There was one complete element, designated Ogre-VP1, which contained intact LTRs surrounding internal coding regions and was flanked by a 5-bp target site duplication (5' ATGCC / ATGCC 3'). This element was inserted into another Ogre element (Ogre-VP2), whose sequence was truncated at its left LTR due to cloning and at its right LTR due to insertion of the third element, Ogre-VP3. Most of the Ogre-VP3 sequence was lost through cloning except for a part of its left LTR. All three elements shared high mutual similarities. The overall similarity between Ogre-VP1 and Ogre-VP2 was 92.3%. The Ogre-VP3 LTR shared 92.1% similarity with the LTR sequence of Ogre-VP1 and 81.5% similarity with LTR of Ogre-VP2. Similarity of these elements to the partial sequences cloned as conserved BglII and KpnI fragments was 86-99%.
The only full-length element, Ogre-VP1, was 25,049 bp long, which makes it the largest plant retroelement described so far. This extreme size was mainly due to exceptionally long LTRs, each of which spans 6,438 bp. Sequence similarity between the LTRs was 99.9% (only 6 nucleotide substitutions over their entire length), which indicates that Ogre-VP1 represents a very recent insertion. The overall arrangement of Ogre-VP1 coding and structural regions is identical to that of the Ogre elements identified in the Pisum sativum and Medicago truncatula genomes and further confirms its assignment into this group of Ty3/gypsy-like retrotransposons.
Close relationships of Ogre sequences from all three species were also apparent from a phylogenetic analysis of the reverse transcriptase protein domains (supplementary Figure   S1 at http://www.genetics.org/supplemental/). The coding region of Ogre-VP1 is divided into three reading frames, (ORF1-3, Figure 2A ) separated by short regions containing several stop codons in all three frames. These ORFs could be directly translated into protein sequences, with the exception of ORF3, containing a +1 frameshift due to an insertion of one nucleotide, which had to be removed to allow its conceptual translation.
Similarly to the pea elements, ORF1 of Ogre-VP1 encoded a protein with unknown function. This ORF was 1527 bp in length and was separated from ORF2 by a 237 bp long noncoding region containing stop codons. The partial Ogre-VP2 sequence contained an ORF1 of the same length and with 97% sequence similarity to ORF1 in Ogre-VP1. All of the protein domains typical for plant retroelements could be recognized within the following two ORFs (ORF2 and ORF3). Gag and protease (prot) domains were encoded by ORF2, whereas reverse transcriptase (rt), ribonuclease H (rh) and integrase (int) were encoded by ORF3 (Table 1) . These ORFs were separated by a region of 317 bp, which contained multiple stop codons. The fact that position of this region corresponded to that of an intron within the pea and Medicago truncatula Ogre sequences , and our unpublished data) in addition to further computer analysis using NetGene2 server (HEBSGAARD et al. 1996) strongly suggested that this region could also represent an intron sequence. Moreover, the eventual removal of this predicted intron sequence by splicing would result in joining of ORF2 (+2 frame; 4403 bp) with ORF3 (+1 frame; 3464 bp) into one frame encoding a polyprotein of 2622 amino acids.
Transcriptional activity of V. pannonica Ogre elements was tested using RT-PCR with total RNA isolated from leaves, roots and flowers. Primers were designed to amplify ORF1 sequence as this region is specific for Ogre elements and it is absent in all other types of retrotransposons described so far. The products of expected length were detected in all three organs tested ( Figure 3A) . In order to test the splicing of the predicted intron between ORF2 and ORF3, primers directed towards this region were also used. Although the corresponding RNA was again detected in all samples, the size of the amplified 13 fragments did not correspond to the spliced sequence ( Figure 3B ). Cloning and sequence analysis of these fragments revealed 92 -97% similarity to the corresponding region in Ogre-VP1. Comparison of the RT-PCR-amplified sequences with genomic sequences confirmed that none of them was spliced.
Abundance of Ogre-like sequences in Vicia and other legume species: The copy number of Ogre elements in the V. pannonica genome was measured using two different approaches. The first estimate was based on quantitative dot-blot hybridization of serial dilutions of genomic DNA and control fragments (cloned Ogre sequences) with probes derived from four regions of the element (see Figure 2A for the probe positions).
Resulting signals corresponded to 1-5x10 Considering the length of individual probes (1615, 1518, and 1999 bp) and using formulas described in the materials and methods, the estimated copy number per 1C was In order to test if such a high amplification of Ogre elements resulted in their accumulation in specific genomic regions or if it was accompanied by an overall increase of the element copies throughout the entire genome, we performed detection of the Ogre repeats on mitotic chromosomes using in situ hybridization. These experiments showed that the elements were dispersed over the entire genome, spanning all of the chromosomes (Figure 4) . The only exception to this homogenous chromosome labeling were the subtelomeric regions of the short chromosome arms which produced weaker signals due to the presence of the highly amplified satellite repeat VicTR-A (MACAS et al.
2000).
The quantitative dot-blot hybridization was also used to estimate the abundance of Ogre-like sequences in twelve Vicia species and in several other legumes ( Table 2) . Two of these species, V. melanops and V. hybrida, were found to contain highly amplified Ogre elements, which were estimated to reach up to 1x10 pannonica ( Figure 5 ). Other Vicia species produced hybridization signals corresponding to lower numbers of Ogre sequences; however, the numbers estimated for individual species varied depending on the probe used (Table 2 ). This observation most likely reflects sequence divergence of the corresponding regions (e.g. ORF1) among species, or eventual cross-hybridization of probes derived from regions conserved among various groups of retroelements (ORF3). This is even more evident for the estimates made for Pisum sativum, which were considerably lower than those made using Pisum-derived Ogre probes and Table 2 ). The species from other genera, including
Vigna unquiculata, Cicer arietinum, Glycine max, Lotus angustifolius, Phaseolus
vulgaris, Medicago truncatula, produced no or very weak hybridization, not exceeding signals corresponding to less than 100-500 copies per 1 C (unpublished data).
Besides previously described Ogre sequences , a number of partial clones of repetitive elements from V. melanops, V. sativa and V. narbonensis were identified as most similar to Ogre-VP elements in BLAST and FASTA homology searches (Table 3 ). The high sequence similarities strongly suggest that these clones correspond to various regions of Ogre-like elements, including ORF1.
DISCUSSION
A crucial role of the amplification and eventual elimination of retroelement sequences in plant genome evolution has become evident through the accumulation of sequence data and subsequent comparative analysis of species with different genome sizes. For example, a comparison of the Adh1-containing orthologous regions in maize and sorghum demonstrated that while more than 60% of this region in maize is composed of LTR retrotransposons, no retrotransposons were detected in the orthologous region in sorghum (SANMIGUEL et al. 1996; SANMIGUEL and BENNETZEN 1998) . These LTR retrotransposons constitute 49 -78% of the maize genome suggesting that the three-fold greater genome size of maize compared to sorghum was a result of retrotransposon amplification (SANMIGUEL and BENNETZEN 1998) . Similar role of retroelements in genome size evolution has also been revealed in other species (SHIRASU et al. 2000; WICKER et al. 2001; WICKER et al. 2005) . In general, all high copy number retrotransposons were identified in species with large genomes (PEARCE et al. 1996; PEARCE et al. 1997; MEYERS et al. 2001; MUNIZ et al. 2001; KENTNER et al. 2003) while species with small genomes contain these elements at relatively low copy numbers. The latter is the case of well characterized genomes of Arabidopsis thaliana (130 Mb) and Oryza sativa (430 Mb) in which retrotransposons make up only 4% and 22% of the genome (MA et al. 2004; PETERSON-BURCH et al. 2004; ZHANG and WESSLER 2004) . All plant genomes characterized so far are composed of many diverse families of LTR retrotransposons with different degrees of amplification. The copy number of elements belonging to one family can vary greatly from a few to about 10 5 copies per genome (KUMAR and BENNETZEN 1999; FESCHOTTE et al. 2002) . The most abundant plant LTR retrotransposons, such as PREM-2, Opie or Huck-2 in Zea mays and IRRE in Iris, can make up to 10% of the genome (SANMIGUEL and BENNETZEN 1998; MEYERS et al. 2001; KENTNER et al. 2003; CHANTRET et al. 2005) . Thus, concurrent amplification of elements belonging to several families can account for considerable increases in genome size as demonstrated for Zea species (SANMIGUEL and BENNETZEN 1998; MEYERS et al. 2001) . Our results described here demonstrate that even the amplification of a single retroelement family can increase the genome size by more than 50% (based on the calculation that this element makes up 38% of the V. pannonica genome). Although the Ogre sequences were detected in all Vicia species tested, their abundance differed by several orders of magnitude (Table 2) .
Whereas the copy numbers in some species could be underestimated due to sequence divergence of the elements, this great variability in copy numbers was evident even among closely related species each belonging to the taxonomic section Hypechusa.
Among the four species tested, the Ogre sequences were about 10-fold less abundant in V. lutea than in V. hybrida, and 100-fold less abundant than in V. pannonica and V.
melanops. Interestingly, the genome size of V. lutea is similar to those of the other three species, suggesting that other repetitive elements may have been amplified there instead of Ogre. The amplification of other elements probably accompanied the expansion of the genome size in V. melanops, as the copy number of Ogre family in this species is the same as in V. pannonica, but its genome is larger (Table 2) . Therefore, although it is evident from the differences in Ogre copy numbers in individual species that these elements have played a crucial role in the increase of genome size for at least some Vicia species, there is no simple correlation between abundance of Ogre sequences and the genome size in this genus.
The differences in copy numbers observed among Vicia species could be in part explained by a loss of Ogre sequences in some genomes due to unequal homologous recombination and illegitimate recombination, which were shown to be responsible for deletions of retrotransposon sequences from genomes in several plant species (SHIRASU et al. 2000; DEVOS et al. 2002; VITTE and PANAUD 2003; WICKER et al. 2003; MA et al. 2004 ).
An indicator of unequal recombination is a presence of solo LTRs, which remain in a genome after a recombination event. The copy number estimated for LTR sequences was in several species considerably higher compared to inside regions (e.g. Vicia lutea and V.
hybrida, Table 2 ), although the LTR sequences are believed to be less conserved and thus less likely to hybridize with a probe from another species than the internal coding sequences. Thus, it is possible that in these species the reduction of the genome size through the elimination of Ogre sequences took place, leaving an excess of solo LTRs. Since virtually all prominent bands visible on digested genomic DNA of V. pannonica hybridized to Ogre, it seems that only this family of retrotransposons was amplified to a high copy numbers, whereas other retroelements remained suppressed. Considering the high sequence similarity among Ogre sequences isolated from V. pannonica, the high level of conservation in restriction sites, and the recent insertion of Ogre-VP1 element (inferred from the similarity of its LTRs), it is likely that the burst of amplification of the Ogre family happened quite recently. As these elements are still transcribed in V.
pannonica, the amplification of the Ogre family in this species may not be over yet. In this respect, it is interesting to mention that the transcription of Ogre elements was detected also in Pisum sativum b The putative polyprotein sequence was deduced from ORF2 and ORF3, which were joined after the removal of predicted intron.
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